BACKGROUND: Angiotensin-converting enzyme inhibitors are effective for many cardiovascular diseases and are widely prescribed, but cough sometimes necessitates their withdrawal.
A ngiotensin-converting enzyme (ACE) inhibitors have been shown to improve the prognosis of patients with a variety of cardiovascular diseases, such as hypertension, myocardial infarction, and congestive heart failure, as well as diabetic nephropathy and other renal diseases.
1,2 As a result, the number of patients on ACE inhibitors has dramatically increased. In the United States alone, approximately 15 million prescriptions of lisinopril (the 11th most frequently prescribed medication) were issued for ambulatory patients in 2000. 3 Although generally not severe, adverse events due to ACE inhibitors lead to drug discontinuation in an important fraction of patients. The most frequent adverse event is a dry cough, with an incidence of 5% to 25%, 4-6 accounting for 2.5% of chronic cough. 7 Cough due to ACE inhibitors causes patient discomfort, necessity for medication change, and occasionally unnecessary diagnostic evaluation. In one study, adverse drug events in outpatients were associated with increased worry or discomfort in 49% of patients, and were also associated with lower patient satisfaction. 8 As a response to ACE inhibitor-induced cough, angiotensin II receptor blockers (ARBs) are often substituted for ACE inhibitors. 9 However, pooled evidence suggests that
ARBs are not as effective as ACE inhibitors and are 1.5 to 3 times more costly in the United States. 9 Thus, ACE inhibitors will likely be used as the first-line therapy in a variety of cardiovascular diseases for years to come. However, switching from an ACE inhibitor to an ARB can often require additional clinic visits and medication costs. For these reasons, it would be useful to be able to differentiate patients with a high risk of developing ACE inhibitorinduced cough and avoid prescribing ACE inhibitors in those patients. Therefore, to identify the independent correlates of ACE inhibitor-induced cough, we retrospectively collected consecutive data on 1,692 outpatient prescriptions for ACE inhibitors. These data were used to develop and validate a decision rule that may help physicians judge, when initially prescribing a specific ACE inhibitor, whether a patient is likely to develop cough or, if a cough develops, whether the cough is caused by ACE inhibitors.
METHODS

Patient Population
Data collection took place at Brigham and Women's Hospital in Boston, Mass. The outpatient clinic of the hospital has an electronic longitudinal medical record, which includes problem lists, medication lists, allergies, patient demographics, visit notes, and laboratory data. In addition, physicians write prescriptions electronically and the information (including drug start and discontinuation date) is also recorded. Patients enrolled in the study included all outpatients prescribed a specific ACE inhibitor for the first time between January 2000 and December 2001. We extracted all new prescriptions of ACE inhibitors from an electronic medical record and then manually reviewed each prescription to ensure it met inclusion criteria. Patients who had been prescribed other kinds of ACE inhibitors in the past, but not at the time of inclusion in the study, were included. Those who had received some kind of ACE inhibitors in the past were excluded. We also excluded patients for whom physicians had refilled ACE inhibitors previously prescribed at other clinics, or for whom reviewers could not identify the start date of the drug. Patients not followed after the prescription of ACE inhibitors were also excluded. The Human Research Committee at Brigham and Women's Hospital approved this study.
Risk Factor Variables
To be eligible for inclusion in the model, potential risk factors (Table 1) had to be documented when the ACE inhibitor was prescribed. Factors associated with cough due to ACE inhibitors identified by previous studies included older age, 10 female gender, 10-14 ethnicity, 13, [15] [16] [17] smoking status, 12 diabetes mellitus, 18, 19 congestive heart failure, 6 respiratory diseases (chronic obstructive pulmonary disease, asthma, or others), 6 elevated creatinine, 19, 20 and concurrent use of nonsteroidal anti-inflammatory drugs, 21, 22 aspirin, 23 cyclo-oxygenase-2 inhibitors, 24 and nifedipine. 22 Because a high incidence of ACE inhibitor-induced cough had previously been reported in patients of Chinese and Japanese ethnicity, 15, 16 we divided Asian ethnicity into East Asian (Chinese, Korean, and Japanese) and non-East Asian (other Asian). We also included the concurrent use of other medications (diuretics, beta-blockers), history of using other types of ACE inhibitors, history of cough caused by other types of ACE inhibitors, history of angioedema caused by other types of ACE inhibitors, hypertension, coronary heart disease, depression and other psychiatric disorders, and hemodialysis. ACE inhibitor-associated cough was defined as cough with all of the following characteristics: dry cough that developed during the 6-month period after the prescription of ACE inhibitors; lack of constitutional or infectious signs such as fever, rhinorrhea, or myalgia; cough recognized as ACE inhibitor induced and the medication discontinued; and the cough disappeared or was alleviated after withdrawal.
Data Collection
All data were collected from the electronic record. One investigator reviewed all electronic records. For binary variables, missing information for a patient was coded as absent. For categorical or continuous variables, missing data were found in ethnicity and creatinine values, 155/ 1,692 for ethnicity and 26/1,692 for creatinine. We developed dummy variables for ethnicity and a binary variable for creatinine for making the prediction rule, and treated the missing data as absent.
Statistical Analysis
Before beginning the analysis, all observations were randomly assigned to the derivation set and the validation set at a ratio of 2 to 1. The univariate relationships between ACE inhibitor-induced cough and categorical and continuous variables in the derivation set were evaluated using the χ 2 test with appropriate degrees of freedom and t test.
Variables that showed substantial correlation ( P < .10) with ACE inhibitor-induced cough were then entered into a stepwise logistic regression analysis in addition to history of other ACE inhibitors to evaluate whether it would provide a safer profile. To make the prediction rule clear and easy for physicians to use, we categorized age into 4 groups (<50, 50 to 59, 60 to 69, and ≥ 70). We also categorized ethnicity into 3 groups (African-American, East Asian, and neither African-American nor East Asian). In the logistic regression model, factors with P values ≤ .05 were retained. We looked for interactions between these variables, and did not find any to be significant at the .05 level.
The results of the multivariate analysis were then used to develop a clinical prediction model. 25 Each beta coefficient was divided by 0.26 (one fifth the added beta coefficient for 2 of the correlates: aged 60 to 69 and aged 70 or older) and rounded to the nearest integer. The risk score for an individual patient was determined by assigning points for each factor present and summing. The resulting continuous distribution of total risk scores across all patients in the derivation set was then stratified into 4 categories of points that grouped patients according to the level of risk (lower, average, higher, and extremely higher risks). Although this stratification method resulted in relatively few episodes in the highest risk group, it allowed for discrimination of this small subset of patients at extremely high risk. The χ 2 test was used to compare the derivation and validation sets.
The discriminatory performance of the model was validated by comparing the receiver-operating characteristic (ROC) curve analysis in the derivation set with that in the validation set. 26 All statistical analyses were carried out using SAS software (version 8.02, SAS Institute Inc., Cary, NC).
RESULTS
Patient Characteristics
During the study period, 2,250 patients were prescribed ACE inhibitors for the first time. Among them, 1,692 patients were followed for at least 180 days after an initial prescription without ACE inhibitor-induced cough or who developed cough within 180 days. The mean age of the excluded cohort was 59, which was the same as the included cohort. The proportion of men was 41% in both the excluded and included cohort. The proportion of African Americans in the excluded cohort was 26%, versus 27% in the included cohort. In addition, the proportion of patients with a history of other ACE inhibitor exposure in the excluded cohort was 21%, versus 22% in the included cohort. Thus, the excluded cohort was similar to the included cohort. Thereafter, we allocated 1,125 patients at random to the derivation set and the remaining 567 to the validation set (Table 2) . Differences in patient characteristics were not significant across the groups. ACE inhibitorinduced cough developed in 12% (202/1,692) of patients in the derivation and validation sets combined.
Univariate and Multivariate Analysis
Univariate correlates of ACE inhibitor-induced cough in the derivation set included age, gender, ethnicity, history of ACE inhibitor-induced cough, hypertension, diabetes mellitus, depression or anxiety, and creatinine equal to or greater than 1.6 mg/dL (Table 3) . History of other ACE inhibitors was not significantly correlated with ACE inhibitor-induced cough ( P > .1), but we included this variable in the multivariate analysis because of our predetermined hypothesis. In the stepwise logistic regression model for ACE inhibitor-induced cough, the variables listed in Table 4 were retained as independent predictors ( P < .05) of ACE inhibitor-induced cough.
Development of the Clinical Prediction Rule
To develop the clinical prediction rule, we assigned each of the 7 identified risk factors an integer score proportional to the beta coefficient (Table 4) . For each patient, all applicable risk score values were summed to attain a total risk score for that patient. This rule was then used to categorize the patients in the derivation set into 4 risk groups with varying likelihood of ACE inhibitor-induced cough (Table 5) : 1) those patients with approximately half the risk of the entire cohort (low-risk group); 2) those with similar risk to the entire cohort (average-risk group); 3) those with approximately twice the risk (intermediate-risk group); 4) those with extremely high risk (high-risk group). As a result, the low-risk group was defined by a risk score of 5 or less, the average-risk group by a score of 6 to 8, the intermediate-risk group by a score of 9 to 11, and the high-risk group by a score of 12 or more. For example, a patient who was 65 years old (3 points), female (3 points), white (2 points), and with no history of other ACE inhibitors (3 points) or history of ACE inhibitor-induced cough (0 points) would have a risk score of 11, and would have roughly twice the baseline risk for ACE inhibitor-induced cough.
Of 1,125 patients in the derivation set, 416 (37%) fell into the low-risk group (risk score ≤ 5). This low-risk group had a 6% probability (24/416) of ACE inhibitor-induced cough, whereas the high-risk group (risk score ≥ 12) had a 55% probability of ACE inhibitor-induced cough. Of the two intermediate-risk groups, the average-risk group (risk score, 6 to 8) had ACE inhibitor-induced cough rates of 9% and the intermediate-risk group (risk score, 9 to 11) had 22% ( Table 5) .
The rule performed well on ROC curve analysis for predicting ACE inhibitor-induced cough (area under the curve 0.71 ± 0.03; Fig. 1) . Calibration of the model was tested on the entire cohort and proved satisfactory (Figs. 2  and 3 ).
Validation
The validation set contained 567 patients who received ACE inhibitors, 72 of whom (13%) had ACE inhibitorinduced cough. In the validation set, the clinical prediction rule again stratified patients into different degrees of risk of developing ACE inhibitor-induced cough ( Table 5 ). The low-risk group (risk score, 0 to 5) of 179 patients, accounting for 32% of the validation set, included only 7 (4%) patients who developed cough within 6 months. The average-risk group (risk score, 6 to 8) had ACE inhibitor-induced cough rates of 14%, the intermediate-risk group (risk score, 9 to 11) had 20%, and the high-risk group (risk score ≥ 12) had 60%. The area under the ROC curve for the derivation set was 0.71 ± 0.03 and that for the validation set was 0.68 ± 0.03 (Fig. 1) , only a slight degradation in performance. This difference was not statistically significant ( P = .4). 30 (23) 194 (20) .3 Congestive heart failure, n (%)
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DISCUSSION
We developed and internally validated a clinical prediction rule for ACE inhibitor-induced cough. The independent predictors of ACE inhibitor-induced cough, all of which were available at the time of prescription, included being elderly, being female, being non-African American (with East Asian having highest risk), having no history of exposure to another ACE inhibitor, and having a history of cough due to another ACE inhibitor. A model based on these 6 factors allowed rapid classification of patients into groups with varying risks of cough due to ACE inhibitors.
Our findings are consistent with prior reports regarding individual risk factors associated with ACE inhibitorinduced cough. However, those studies differ from ours in definition of outcome, study design, and patient population, and did not consider multiple factors simultaneously or develop a prediction rule. In particular, most of the studies were byproducts of randomized controlled trials and, therefore, the risk factors were observed in patients of the treatment arm without adjustment for other potential risk factors. Several reports show that cough is more likely to develop among women on ACE inhibitors. [10] [11] [12] [13] [14] From the data of Studies of Left Ventricular Dysfunction, the risk of cough due to enalapril was 2.4 times higher in women than men. 14 Although the relative risk was calculated only from the treatment arm and without adjustment in Studies of Left Ventricular Dysfunction, it is similar to the odds ratio of 2.3 in our study. In addition, a report from postmarketing surveillance data showed that patients aged 65 to 79 had a higher incidence of adverse events associated with perindopril compared with younger patients, 10 which also supports our results. Chinese, Japanese, and African-American patients have also been reported to be at increased risk of ACE inhibitorinduced cough, compared with other groups. 13, [15] [16] [17] After adjustment for other covariates in our study, East Asian ethnicity remained a risk factor while African-American ethnicity was protective (negative risk). Several other risk factors for ACE inhibitor-induced cough have been reported, cough. In this study, we took into account the concurrent use of these drugs, but none of these drugs was independently associated with the outcome. Because our study was not a clinical trial, the dose and frequency of these drugs were not consistent. Our prediction rule is based on demographics and whether the patient has previously taken or had a reaction to ACE inhibitors. Thus, using the rule in clinical practice to estimate the risk of ACE inhibitor-induced cough when prescribing these medications should be straightforward. For example, patients with a previous history of ACE inhibitor-induced cough would have a risk score of 13 points or more and probably not be given ACE inhibitors because they would have an approximately 60% probability of developing cough. In patients who develop dry cough while on ACE inhibitors for the first time, physicians can quantify the likelihood of that cough being caused by the ACE inhibitor. If the patient's risk score is low and the probability of ACE inhibitors being the cause is low, prompt work-up for other causes may be justified.
A major issue with clinical prediction rules is that physicians have found them difficult to use. 27 However, this is likely to change soon, especially with computerization of prescribing. 28 Computerization of medication ordering associated with decision support has been shown to reduce medication error rates, 29, 30 and it would be straightforward to make available rules such as this one using such applications. All the correlates in our study are simple, descriptive variables and a calculation could be performed in the background, with risk then being presented to clinicians at the time of ordering. For example, Bates and colleagues developed a clinical prediction rule for true positive blood cultures and implemented it in a computerized order entry system. 28, 31 They found that 28% of physicians changed their action according to the computerized guidance based on the prediction rule. Although the clinical prediction rule developed here is simple enough for physicians to calculate the risk manually, the increasing use of computerized prescribing makes it likely that this will be how such decision support is delivered in the future. [32] [33] [34] Our results must be interpreted within the inherent limitations of the study design, which was a retrospective chart review. First, not all data may have been recorded. To be conservative, we strictly defined the criteria for presence of the primary outcome-ACE inhibitor-induced cough, that is, cough being too severe to continue the medication. However, we may have missed cases, either because they were mild, or because patients went to another physician outside the network. If anything, this suggests that the incidence we identified represents a lower bound. Also, the risk factor variables could be biased because records were incomplete, or because of subjective physician judgment. Random measurement error and misclassification can lead to dilution bias and underestimation of the effects of the tested risk factors. However, the factors in our prediction rule included age, gender, ethnicity, history of other ACE inhibitors, and history of ACE inhibitor-induced cough, all of which are recorded regularly and are relatively unlikely to be influenced by physician judgment. Second, one of the important factors in the final prediction rule was East Asian ethnicity. Although this group included only 21 patients, this factor has previously been found to be associated with ACE inhibitor-induced cough. 15, 16 Finally, because this study was conducted at an urban tertiary care hospital and the applicability of clinical prediction rule to other settings is always challenging, 27, 35 prospective validation of the rule in other settings should be performed, and its performance may not be as good in other settings.
In conclusion, we identified independent predictors of ACE inhibitor-induced cough and developed a decision rule that allows rapid estimation of risk of cough due to an ACE inhibitor within 6 months. This information may be valuable in clinical decision making regarding starting ACE inhibitors and considering withdrawal of an ACE inhibitor or the need for work-up for cough. Some patients are probably at sufficiently high risk that ACE inhibitors should be avoided altogether. 
